Abstract-Nowadays, wireless sensor network (WSN) systems are widely used in various applications designed to monitor real world physical or environmental phenomena, in more than a few disciplines such as healthcare and habitat monitoring. The position of the sensor nodes significantly affects the accuracy of the information collected, which decides the quality of service offered by the application system. Hence, the deployment strategy is one of the key issues to be solved in WSN. Generally, to reach the end for which the WSN system is designed, full coverage and connectivity must be provided, so each and every event can be detected, and then, guarantee that all the collected information is transmitted to the desired base station for processing and analyzing. When the deployment is not optimally achieved, coverage holes and serious coverage overlapping can occur, which creates uncovered areas and undetected application key events, leading to system mission failure. In this paper, we propose a recovery method based on a gradient algorithm combined with a clustering technique in order to detect the redundant sensor nodes in the whole WSN system and relocates them to heal the identified coverage holes.
I. INTRODUCTION
Wireless sensor networks (WSNs) play an important role in various civilian and military applications. They are designed for multiple objectives, such as tracking objects (animals, humans, and vehicles), environmental observations (temperature changes, humidity, vibrations, pollution, etc.), habitat monitoring, intrusion detection, and structural monitoring [1] , [2] . The objectives of these applications are to first detect the events occurring within a region of interest (ROI) and then transmit all the collected data to the base station (BS) for further processing. Thus, to achieve these goals, each and every point of the ROI must be covered, and each and every node must reach the BS, either directly or via other nodes, so full coverage and connectivity is provided [3] .
The most influencing factor in the coverage problem is deployment. The choice of deployment scheme highly depends on the type of sensors, application, and the environment [4] . Deployment is either random or deterministic. On one hand, deterministic deployment is certain to provide high performance, since the node Manuscript received July 15, 2017 ; revised January 30, 2018. Corresponding author email: yasser.khamlchi@gmail.com positions are well controlled. It is highly recommended when sensors are expensive and the coverage degree is low or when they must be implemented in some specific location. These circumstances apply to many WSN applications such as seismic monitoring, underwater WSNs, imaging, and video supervising. On the other hand, a random distribution of nodes is the only choice in harsh environments such as a battlefield, a forest or a disaster region. In this case achieving full coverage is always uncertain because of the imprecise location of the nodes, which creates uncovered areas in the ROI, known as coverage holes [5] , [6] . To improve coverage, it is recommended to use mobile sensor nodes since they can relocate themselves and design an algorithm for the detection and healing of coverage holes.
In this paper, we demonstrate an approach that identifies the redundant nodes on a network using the Euclidean distance between sensors, then based on the gradient, it relocates them to repair the coverage holes identified on the network. The definitions and coverage holes detection algorithms are presented in Section 2. Then in Section 3 we show all the related work. Section 4 and 5 describe the system model and the problem formulation of the proposed method for detecting and repairing coverage holes, respectively. Finally and before the conclusions, the results are discussed in Section 6.
II. WSN COVERAGE HOLES
Many researchers have studied the discovery and repair of coverage holes. Coverage holes exist, if the required coverage degree is k in a specific application of the WSN and the number of nodes, which covers the region, is less than k during the lifetime of the network [1] . Coverage holes occur often with the random deployment, where the sensor nodes positions are not well controlled, and thus, it is usually uncertain to achieve full coverage, especially when the number of nodes is low [5] . The current work has focused on the repair of coverage holes on the basis of 1-coverage, 1-connectivity. In this case the presence of coverage holes means the existence of uncovered and unconnected areas in the ROI. Therefore, two major issues are faced, undetected events and a failure in the systems connectivity.
Besides coverage hole identification, it is also important to detect coverage overlapping, so redundant nodes monitoring the same area can be relocated during the recovery process. However, this operation consumes a lot of energy; thus, to reduce the energy consumption of the network, adjusting the nodes location must be carried out with the minimum number of possible moves, and as indicated in [7] , there are four steps to ensure effective coverage in a mobile WSN: 1. Determining the boundary of the ROI 2. Detecting coverage holes 3. Determining the best target location to relocate mobile nodes to repair the coverage holes 4. Minimizing the moving cost when dispatching the mobile nodes to the target locations According to [6] , the coverage hole detection algorithms are classified into different categories: (1) based on the type of information used, (2) based on the computational model, and (3) based on network dynamics.
A. Based on the Type of Information Used
In this category three approaches exist. Firstly the geographical approach, also known as the location-based approach, which assumes beforehand that the location of sensor nodes is known. Secondly, the topological approach, also called the connectivity approach, uses the connectivity information gathered from sensors without knowing there location. Finally, the statistical approach, which assumes that the distribution of nodes follows a statistical function and decides if nodes are at a coverage hole boundary or not.
B. Based on a Computational Model
Algorithms in this category are either centralized or distributed. Centralized algorithms run on one or more nodes found at a centralized location. However, in the case of distributed algorithms, multiple nodes in the network work together to detect the coverage holes. Centralized algorithms consume more energy to achieve a higher percentage of recovered holes when compared to the distributed algorithms. On the other hand, distributed algorithms are more complex than centralized algorithms.
C. Based on Networks Dynamics
In this section coverage hole detection algorithms are divided into (a) static sensors that cannot move after initial deployment unless it is done manually, (b) mobile sensors that can move around after the initial deployment making coverage optimization possible, and (c) finally hybrid sensors that consist of both mobile and static sensors; in this case the coverage holes created by the static sensors can be corrected using the mobile sensors. Mobile sensors permit maximize coverage. However, they affect the topology as they create new connections and break old ones.
III. RELATED WORK
The main objective of solving the coverage problem is to have every location of the ROI within the sensing range of at least one or k sensor nodes depending on the application requirements. Coverage holes are hardly avoided in WSNs due to the various geographical environments of the monitoring region [8] . To solve this problem, a lot of research work has been carried out in this field and the research in this direction is still growing.
Assuming the sensor network to be a hybrid, the authors in [9] developed a distributed protocol to detect coverage holes where the static sensor nodes detect the coverage holes based on the Voronoi diagram and then estimate their size and the target positions, while the mobile nodes relocate themselves to recovery holes. Instead, of using the Voronoi diagram, the authors in [10] demonstrated another approach based on a triangular oriented diagram to detect coverage holes. Using mathematical analysis, the authors in [11] proposed a coverage holes detection method (CHDM) by assuming the network consists of mobile nodes. To find the coverage holes they used the central angle between neighbor sensors and the recovery holes, and the redundant nodes identified and relocated to an appropriate position. A hole detection and healing algorithm (HEAL) was developed in [12] for coverage holes detection and recovery using a virtual forces concept. The authors in [13] detected the coverage holes based on the Voronoi cell structure around each sensor, then estimated the target location using one of the three proposed algorithms: The vector based algorithm (VEC), the Voronoi based algorithm (VOR) or the Minimax algorithm. In [14] , a hole detection and adaptive geographical routing (HDAR) algorithm was developed for static network to detect holes using the angle between two adjacent edges of a node and using the ratio of network distance over the Euclidean distance to detect the hole boundary.
All the approaches presented above were developed based on a geographical approach assuming that the location of sensor nodes is already known. Other approaches have been developed based on the topological approach, such as the approach demonstrated in [15] , which works with three phases: (a) the information collection phase, (b) the path construction phase, and (c) the path checking phase that detects the boundary hole when the communication path of x-hop neighbors of a node is broken.
To decide if sensor nodes are near a hole or an obstacle, the authors in [16] designed a decentralized boundary detection (DBD) algorithm using a topological approach. By exchanging HELLO messages each node will construct a 2-hop neighbor graph to detect the coverage holes. Then, based on the contour structure, the algorithm identifies the boundary of the network. The authors in [17] proposed an approach that can detect the boundaries of the small holes in the network while reducing the connectivity graph by deleting the vertex and edges. Many researchers have proposed other approaches designed on the basis of topological information, such as Fang, Gao, and Guibas in [18] , Bi et al. [19] , Ghrist and Muhammad [20] , Bldg and Funke [21] , Li and Hunter [22] , Martins, Yan, and Decreusefond [23] , and Fekete et al. [24] , to detect coverage holes in static WSNs using connectivity information.
Generally centralized approaches that collect data at a single node suffer from the hardware limitations of the sensors and consume more energy when compared to the distributed algorithms. Based on the network dynamics, hybrid and mobile sensors provide better coverage since they can relocate themselves; however, their energy consumption is high, especially if unneeded moves are made. Finally according to the approaches based on the type of information used, topological approaches provide realistic results but involve a communication overhead, while the statistical approaches achieve optimal performance. However complex statistical calculations are not recommended to be compiled on any sensor node. In the case of the geographical approaches, the main limitation is the need for sensor location using GPS or a scanning device [6] . Each algorithm has its own advantages and limitations, and none is absolutely the best. Some algorithms treat only the coverage hole detection problem, while others present a global solution to the coverage hole detection and recovery problem. Table I concludes the characteristics of the different algorithms in regard of the approach used, the computational model, and network dynamics. [24] IV. SYSTEM MODEL In this paper, we consider a homogenous WSN model where all the sensors are mobile, while a sink node has an unlimited amount of energy and high computational power. The supervised area is considered to be rectangular. We assume that the exact location of the sensors is known and the degree of coverage was equal to one. The node position is denoted as x i ϵ ℝ² , and the sensing range of a sensor is a disk, with Rs being the sensing radius and x i its center. The communication range is a disk with Rc the communication radius and i x x i its center. We consider Rc = 2  Rs, so coverage implies connectivity. There are two sensor detection models in the WSN to find effective coverage. The binary/ disk sensing model, which assumes that there is no uncertainty, in the contrary the stochastic sensing model that assumes that even within the sensing range of the sensor node there is uncertainty that the event will not be detected. The disk sensing model may not be able to simulate the sensing capability of a real-life sensor accurately because realistic sensors are designed to be small and cheap, and they are unlikely to be sophisticated enough to provide exactly the same detection capability in every direction. The disk sensing model is widely used due to its simplicity and the fact that it enables theoretical abstraction and analysis [3] . In this paper, we use the binary detection model shown in (1); hence, sensors detect all the events within the sensing area. Each point has two characteristics: The coordinates and the interest. The interest is a value that shows the importance given to monitor a point. In Fig. 1 , the ROI is presented in a green color, while the white zone presents no importance. All points within the ROI are important and need to be supervised, so they will be given an interest Wi equal to 10, however, the interest value of all points within the white zone is zero Each sensor node covers all points of the ROI located within its sensing range, where the Euclidian distance between the node's position and points is less than or equal to Rs. Thus, to rapidly detect these points and to minimize the calculation time, a clustering technique is used. As described in Fig. 2 , it consists of selecting a smaller area, a cluster, with the node position as its center and with both sides more than Rs. There is no need to check if the node covers the point Pi since it is outside the cluster, only points within its, like Pj are to be checked. Besides its position and interest, each and every point will have a third characteristic, which is the sensor node reference Ri that refers to the node monitoring the point. If a point is not covered, the reference value is −1.
V. PROBLEM FORMULATION
In this section, a coverage hole detection and recovery algorithm has been designed to detect the redundant nodes and coverage holes, which then relocates these nodes to heal the coverage holes using a gradient algorithm. Each center of a cluster is a sensor node position. Let (Xi,Yi) be the Cartesian coordinates of a point Pi, and (Xs,Ys) the sensor node coordinates. The area of a cluster is defined as follows:
Based on the Euclidian distance between the sensor nodes, the model identifies any redundant nodes. If the distance between the actual sensor node and its two nearest nodes is less than a threshold, then the actual sensor is considered to be redundant and causes serious coverage overlapping.
(x 1 , x 2 , … . . , x i , . . x N ) ϵℝ² is a set of N nodes and denotes the sensor node position. The proposed model uses three functions, the first one ) (X f D , given in (2), which allows the detection of redundant nodes using the Euclidean distance between the nodes. The second functionf S (X), given in (3), is the function representing the joint interest of sensor nodes and penalizes coverage overlapping. Finally in (4), f G (X) is the function that allows the redundant sensors on the hole boundary to move with µ in the right direction to heal the coverage hole using the derivative of the reference function in the
where δ(X, x * ) is the Euclidean distance between the actual sensor x * and all the others.
whereα i is the given importance of location x i and S R is the sensing range.
  
where the gradient After calculating the Euclidean distance of each sensor to all the others, we sort them in an ascending order. The first minimal distance is always zero since it is between the sensor and itself. In Fig. 3 , we demonstrate that if the second and the third minimal distance of the actual sensor with all the others are less than a threshold, which is the sensing range in our case, then there is definitely a redundant node and a coverage overlapping. Thus, the sensor nodes in magenta with the green sensing range are identified as redundant, and will be used during the recovery process. Once the node is redundant, we extract the reference matrix of all the points within a cluster with the node position as its center, then we apply the gradient function in the direction of i  i ⃗ and j  j ⃗ . If any variations are detected, we localize in that position and we define the direction of movement using the equation of a line. In Fig.  4 we describe how the direction of movement is defined. Fig. 4 . The description of the direction of movement.
The proposed approach was developed as demonstrated in algorithm 1. 
VI. RESULTS AND DISCUSSION
The proposed algorithm was simulated using MATLAB. We considered two scenarios where all the sensors are the same and detect events using the binary model. The sensing range Rs = 12 and the communication range Rc = 2  ×Rs for both scenarios. The ROI is painted in green and the yellow area has no interest. We define the coverage ratio as the ratio of the covered ROI to the whole ROI and d = 0.2 is the distance used each time to relocate a redundant node.
Scenario 1:
We consider 19 sensors deployed initially over an area of size 80  80 pixels. One coverage hole exists and shown in dark green in Fig. 5 . The proposed approach identifies the coverage hole and then based on the gradient algorithm, calculates the target location of each redundant node painted in magenta and relocates them by d, each time until recovering the coverage hole. The final target location to where a redundant node should arrive is painted in Harlequin in Fig. 5. Fig. 6 shows the final location of the redundant nodes. After several moves the model recovers the coverage hole and the coverage is optimized. Fig. 6 . The WSN architecture after applying the proposed model to detect and heal the coverage hole.
Scenario 2:
In this scenario we presume that 47 sensors are deployed initially over an area of size 140  140 pixels. Two coverage holes exist as shown in dark green in Fig.  7 . The proposed method detects the holes and identifies the redundant nodes, then relocates them each time by a small distance d in the right direction using the gradient of the reference matrix to heal the nearest coverage hole detected. Fig. 7 shows the initial deployment of the sensor nodes where the coverage overlapping and coverage holes are identified. Fig. 8 demonstrates the final location of the redundant nodes in magenta. In order to show how the healing process optimizes the coverage, we demonstrate in Fig. 9 the coverage ratio for scenarios 1 and 2. The proposed approach optimizes the coverage from 97% to 99.82% for scenario 1 and from 94.3% to 99.9% for scenario 2. In this section, we tested the proposed algorithm under some precise constraints. Further simulations will be held in the future while comparing our model with other healing algorithms, in order to prove the performance of the proposed approach.
VII. CONCLUSIONS
Coverage is considered as an important measure for WSN performance. When coverage holes occur, serious damages must be faced, such as the network failure because of the broken communication links and undetected events because of the uncovered regions in the supervised area. A lot of researchers have considered solving this issue by detecting coverage holes and healing them. Different approaches have been developed based on different WSN application requirements and restrictions. Some approaches use geographical information to detect coverage holes, while others use topological information.
In this paper, we have described some of these approaches and then proposed a geographical-based approach to detect and heal the coverage holes in a WSN. Assuming all the sensors positions are known, the proposed method detects the redundant nodes based on the Euclidean distance between the nodes and heals the coverage holes using the gradient method and by relocating the redundant nodes. In our future work, we plan to prove that our algorithm can be more beneficial. Besides we will focus on how to minimize the sensor movements during the recovery process, in order to extend the networks lifetime. 
